A b s t r a c t
Introduction
Ganglioglioma (GG) is a non-malignant tumor, arising in the central nervous system and classified as G1 by the World Health Organization (WHO). The tu mor consists of neoplastic ganglionic cells and a glial component, especially astrocytes [4, 18] . GG affects mostly children and young adults, accounting for 0.4-2.1% of all brain tumors in this age group [6] . In children, the glial component typically resembles pilocytic astrocytoma, with areas of microcystic changes and the pre sence of eosinophilic granular bodies (Fig. 1A) . The ganglion cells are large, with amphophilic or eosinophilic cytoplasm and round, vesicular nuclei, and centrally located prominent nucleoli (Fig. 1B) . Sometimes ganglion cells create binucleate forms. Ganglion cells are usually irregularly distributed. Focal lymphocytic aggregates are commonly seen. Immunohistochemically, the glial component displays strong expression of GFAP (Fig. 1C) . GGs demonstrate immunoreactivity of neuronal and glial markers in appropriate cellular elements. Superficial perinuclear reaction for synaptophysin, which had been initially claimed to be tissue-specific for neuronal neoplasms, can be found in normal neurons and ganglion cells localized close to pathological sites [21, 23] . Therefore, neoplastic ganglion cells in GG show intense immunoreactivity for synaptophysin as well as neurofilament protein (Fig. 1D) . GG can develop almost in every area of the brain; however, there is a significant prevalence of GG occurrence in the supratentorial location, especially the temporal and frontal lobe. Treatment is based on total resection with disease-free 5-year survival over 80% [6, 11, 20] . The most frequent symptom in patients with GG is epilepsy [25, 22] .
GGs reveal high expression of CD34, a stem cell marker, which occurs during early neurulation [10] . According to the study of Blumcke et al., CD34 is positive in 74% of GGs and has been correlated with S-100 protein immunoreactivity [3] . As far as tumorigenesis of ganglioglioma is concerned, which histologically is composed of cells similar to giant cells of tuberous sclerosis, i.e. balloon cells, it may be caused by excessive activation of mTOR (mammalian target of rapamycin). It is hypothesized that mTOR upregulation could be a result of somatic gene mutations occurring during development of the brain [7] . Furthermore, there are also data suggesting the possibility of polymorphism resistance in intron 4 and exon 41 of the TSC2 gene, as well as intron 13 and exon 14 of the TSC1 gene in GG. Moreover, only in the glial part of the tumor has polymorphism of intron 32 of the TSC2 gene been found [8] . However, Prayson et al. [22] did not find any mutation in the examined area of the genes. mTOR kinase is known to be a central regulator of cellular state and processes such as autophagy, angiogenesis and proliferation. mTOR activity de pends on triggering extracellular and intracellular signals: protein kinase B (PKB or Akt) and Erk (extracellular signal-regulated protein kinase or mitogen activated protein kinase, MAPK) signaling pathways. In case of excessive stimulation, mTOR may provoke tumorigenesis. On the other hand, if a cell lacks energy, oxygen or nutrients, proliferation is stopped by synthesis of inhibiting protein kinases. Both Akt and Erk pathways through the mediation of hamartin (or tuberous sclerosis complex-1 -TSC1) and tuberin (or tuberous sclerosis complex-2 -TSC2) act on mTOR. Rheb, belonging to the Ras superfamily, leads to phosphorylation of mTOR and increased activity of mTOR effectors: ribosomal protein S6 (rpS6) and eukaryote initiation factor-binding protein (4E-BP1). rpS6 protein is responsible for ribosome biogenesis and 4E-BP1 is a regulator of protein translation [2, 13] .
So far, little is known of the molecular pathogenesis of GG. Several reports suggest that the PI3K pathway may be the cause of hyperactivation of mTOR pathway in this tumor [7, 10, 13] . At the same time, upregulation of mTOR kinase is often found in brain tumors, especially associated with tuberous sclerosis [9, 14, 15] .
In the current study we decided to examine activation of Akt kinase as well as proteins belonging to the Erk pathway: mitogen-activated protein kinase kinase (MAPKK or Mek), the 90 kDa ribosomal S6 kinase (Rsk1), mitogen and stress activated protein kinase (Msk1) and Rheb, which act upstream of mTOR. Also, we focused on activation of the mTOR effectors rpS6 protein and 4E-BP1, in order to confirm or exclude mTOR involvement in the process of tumorigenesis.
Material and methods
Evaluated samples of tumors as well as control tissues were retrieved from the Department of Pathology, Children's Memorial Hospital in Warsaw, Poland. The research was performed on GGs resected from 8 patients during elective surgery. All cases of GG were classified as G1 by WHO criteria, but were arising in different parts of the brain, including the temporal lobe as well as the cerebellum (Table I) . Control brain tissue was derived from patients operated on for epilepsy (periventricular region).
Clinical data reveal equal numbers of GG in male and female patients. The average age was 12.5 years. Almost in all cases (7 out of 8) patients presented with intractable epilepsy, which did not resolve in 3 cases. There exists significant prevalence of GG development in the temporal lobe of the brain.
Western blot
The first step of Western blot is electrophoretic separation of proteins. For this purpose, tissues were homogenized in a tissue grinder with RIPA lysis buffer (0.1% SDS, 20 mM Tris, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, 1 mM EDTA,) 1 mM sodium orthovanadate and with 50 mM sodium fluoride and supplemented with 1 × Com-plete Protease Inhibitor Cocktail I (Sigma-Aldrich, St. Louis, MO). In order to minimize differences between samples in preparation procedure, all the samples were prepared in the same conditions, at the same time. Afterwards, all tumors and control brain lysates were stored at -80°C.
Obtained lysates of tissues (10 µg) were pooled with the same amount of SDS PAGE. Prepared sam- 
Results
We demonstrated activation (phosphorylation on Ser 473) of Akt in all 8 patients, compared to negative reaction of control brain. Insulin receptor α expression was found in all examined samples. At the same time, we found strong activation of IGF-1R β in 7 GG samples (Fig. 2) .
Strong activation of Erk was found in all cases. Also, we studied activation of some kinases belonging to the Erk pathway, including Rsk1, Mek and Msk1. Phospho-Mek was found in 6 out of 8 samples. As far as Rsk1 is concerned, significant activation was confirmed in 5 out of 8 patients; additionally 1 tumor showed a weak signal of phospho-Rsk1. Msk1, acting downstream of Erk, was triggered in 7 out of 8 patients (weak activation in one case). Erk and Akt, by interaction with tuberous sclerosis complex (TSC1/TSC2) and Rheb, led to excessive activation of mTOR. A very strong signal of Rheb antibody was found in 7 out of 8 cases, and moderate in the remaining case (Fig. 3) .
Then, we resolved to study both effectors of mTOR: 4E-BP1 and rpS6. Phosphorylated forms of ribosomal protein S6, responsible for protein translation and ribosome recruitment, were observed in all GG cases. Also, active form of 4E-BP1 was confirmed in 5 out of 8 samples (Fig. 4) .
Discussion
GG often coexists with intractable, pharmacoresistant epilepsy. The same situation in observed with tuberous sclerosis, focal cortical dysplasia or hemimegalencephaly, which form a group of so-called mTORopathy. So far the only treatment is surgical resection, which both eliminates source of epilepsy and provides prevention of malignant transformation. Nevertheless, Curatolo and Moavero suggest in their review that therapy of rapamycin and everolimus are a promising treatment for mTORopathy-related epilepsy (including GG) in the future [8] . Only limited data confirmed the role of proteins belonging to the PI3K/Akt pathway as a possible mechanism of tumorigenesis in GG. However, several studies suggest involvement of the PI3K/Akt signaling cascade in the pathogenesis of glioneuronal lesions, including focal cortical dysplasia [5, 19, 24] . In a recent report, Boer and colleagues revealed significant activation of PDK1, Akt, mTOR as well as rpS6 and 4E-BP1 in 9 cases of ganglioglioma [5] . In this regard, our study seems to be an extension of a larger group of earlier reports concerning activation of Akt, rpS6 and 4E-BP1 in GG. Growth factors and insulin regulate mTOR activity by triggering the Akt pathway [12] . This may be the reason why in all GG cases with active Akt kinase also phosphorylated forms of insulin receptor α were confirmed. Surprisingly, phospho-IGF-I receptor β/insulin receptor β was not found in all examined samples.
According to our knowledge, there exists only one publication which confirms occurrence of active Erk in two human GG cases. Aronica et al. suggest a link between function of Kv4.2 voltage-gated potassium channel and epilepsy in GG. Moreover, it has been shown that the Kv4.2 channel is one of the substrates for Erk [1] . We managed to confirm Erk activation in all evaluated samples.
Until now, other proteins of the Erk pathway, studied by our team -Mek, Rsk1, Msk1 and Rhebhave never been evaluated. We have focused on confirmation of other kinases belonging to extracellular regulated signal kinases (Erk), in order to enhance G1  G2  G3  G4  G5  G6  G7  G8  CL  CM   G1  G2  G3  G4  G5  G6  G7  G8  CL the role of this pathway as one of the possible pathways of tumorigenesis in GG. Although Erk kinases are not uniformly activated in all cases, alternative (non-classic) Erk activation may explain lack or weak activation of Mek, in spite of the presence of active Erk [14, 16] . This intriguing finding is still unclear. Neurogenesis of GG remains uncertain. The most recent data reveal an immunohistochemical correlation between BRAF V600E mutation and expression of synaptophysin in the tumor cells, presence of dysplastic neurons and lymphocytic cuffs. However, the same study found no significant association between the presence of phospho Erk and BRAF V600E mutation in GG. Furthermore, the authors stated that the presence of BRAF mutation may be more likely in ganglionic elements of GG, although the mutation was also observed in glial cells of the tumor [17] . In our study we were unable to distinguish glial and ganglionic components of GG; therefore detailed pathological findings in GG subpopulations need further investigation.
To conclude, both Akt and Erk pathways take part in upregulation of mTOR in GG. In case of increased mTOR activation, these pathways may trigger uncontrolled proliferation and result in carcinogenesis. In the current study we argue that activation of the mTOR pathway, confirmed in GG samples, may result from potentiation of both Akt and Erk signaling.
